Macrophages are a target for infection with HIV and represent one of the viral reservoirs that are relatively resistant to current antiretroviral drugs. Here we demonstrate that methylglyoxal-bis-guanylhydrazone (MGBG), a polyamine analog and potent S-adenosylmethionine decarboxylase inhibitor, decreases HIV expression in monocytes and macrophages. MGBG is selectively concentrated by these cells through a mechanism consistent with active transport by the polyamine transporter. Using a macrophage-tropic reporter virus tagged with the enhanced green fluorescent protein, we demonstrate that MGBG decreases the frequency of HIV-infected cells. The effect is dose dependent and correlates with the production of HIV p24 in culture supernatants. This anti-HIV effect was further confirmed using three macrophage-tropic primary HIV isolates. Viral life cycle mapping studies show that MGBG inhibits HIV DNA integration into the cellular DNA in both monocytes and macrophages. O ne of the major remaining obstacles in treating human immunodeficiency type 1 (HIV-1)-related diseases is the elimination of viral reservoirs that contribute to persistent infection and chronic immune activation. Although highly active antiretroviral therapy (HAART) is effective at reducing the plasma viral load and slowing down the decline of CD4 ϩ T lymphocytes and dendritic cells, it has failed to eradicate the residual long-lived HIV-infected cellular reservoirs (1-3). At the molecular level, HAART successfully suppresses HIV RNA replication and decreases total viral DNA load in treated individuals. However, it fails to eliminate the integrated proviral DNA (4, 5). Even in HAART-treated patients with an undetectable plasma viral load, discontinuation of treatment is routinely associated with the reappearance of HIV RNA in circulation, confirming the presence of significant HIV proviral reservoirs in HAART-treated individuals (6, 7).
O
ne of the major remaining obstacles in treating human immunodeficiency type 1 (HIV-1)-related diseases is the elimination of viral reservoirs that contribute to persistent infection and chronic immune activation. Although highly active antiretroviral therapy (HAART) is effective at reducing the plasma viral load and slowing down the decline of CD4 ϩ T lymphocytes and dendritic cells, it has failed to eradicate the residual long-lived HIV-infected cellular reservoirs (1) (2) (3) . At the molecular level, HAART successfully suppresses HIV RNA replication and decreases total viral DNA load in treated individuals. However, it fails to eliminate the integrated proviral DNA (4, 5) . Even in HAART-treated patients with an undetectable plasma viral load, discontinuation of treatment is routinely associated with the reappearance of HIV RNA in circulation, confirming the presence of significant HIV proviral reservoirs in HAART-treated individuals (6, 7) .
HIV-1 cellular reservoirs include resting CD4 ϩ T lymphocytes and cells of the monocyte and macrophage lineage (1, 8, 9) . Research on the HIV reservoirs has largely focused on T cells and more specifically a rare subset of resting memory CD4 T cells that has been reproducibly identified in the blood of patients with low or no detectible plasma viral loads (10) . Cells of the monocyte and macrophage lineage may represent another mechanism for viral persistence. These cells are among the cells infected early upon exposure to HIV (11) , and the presence of CCR5-utilizing "macrophage-tropic" forms of HIV in the plasma of essentially all newly infected individuals is consistent with the notion that macrophages represent an early target for HIV infection (12) (13) (14) (15) . In contrast to CD4 T cells which die with effective HIV replication, macrophages are resistant to the cytopathic effect of the virus. Furthermore, macrophages and dendritic cells are capable of transmitting HIV to T cells or other macrophages via cell-cell contact (16) . Depending on the origins of the virus, both cis-infection and trans-infection modes have been demonstrated (17) (18) (19) . Because tissue-resident macrophages are extremely long-lived, the infected macrophages can serve as a long-term source for infectious HIV virions, particularly in patients who develop HIV-associated neurocognitive disorder (HAND) (20) (21) (22) . For instance, macrophages in the central nervous system (CNS [microglia] ) turn over at a rate of less than 1% per year, and they can become superinfected with HIV, leading to the generation of recombinant forms of the virus (23) . Therefore, not only are macrophages among the early infected cells in vivo, they also serve as a source of continuous HIV evolution. Prevention of macrophage infection could be an aspect of a successful treatment strategy for both initial and ongoing HIV infection.
The existing approved antiretroviral drugs used in HAART therapies were identified and characterized in T cell cultures. In a recent study, various clinically relevant HIV drugs were found to display significantly lower intracellular concentrations in macrophages versus lymphocytes, leading to a 5 to 200 times difference in antiviral potency between the two cell types (24) . In addition, a major site of the macrophage reservoir is within the CNS, and most of the current antiretroviral drugs on the market fail to effi-ciently cross the blood-brain barrier (25) . Thus, the macrophage compartment can serve as a long-term source of HIV that is relatively drug resistant, underscoring the need for additional drugs that specifically target HIV infection in macrophages (26) .
HAART has dramatically improved the survival of HIV-positive patients, generally by reversing complications from T cell loss. However, several major diseases such as HAND (27) and atherosclerosis (28) are becoming increasingly prevalent in HAARTtreated patients. These diseases result from persistent macrophage activation and currently affect more than half of HIV-infected individuals (29) , suggesting a failure in the primarily T cell-targeted approach to treat HIV-associated diseases.
In the course of studying the effects of polyamine analogs on macrophage function, our attention was drawn to methylglyoxalbis-guanylhydrazone (MGBG) because of its extensive experimental history in both laboratory and clinical studies (30, 31) . MGBG is believed to interfere with polyamine metabolism and functions predominantly through the inhibition of S-adenosinemethionine decarboxylase (SAMDC), a rate-limiting enzyme for polyamine biosynthesis, thus resulting in depletion of the intracellular pool of spermine and spermidine (32) (33) (34) (35) . Polyamines are required for cell proliferation and differentiation in general (36, 37) . Since fully differentiated and activated macrophages appear to be targets for HIV infection (38) (39) (40) and MGBG was reported to interfere with macrophage activation in vitro (41, 42) , we evaluated MGBG for its ability to interfere with HIV infection in primary macrophages.
To test the effect of MGBG on HIV expression in macrophages, we first employed a macrophage-tropic enhanced green fluorescent protein (EGFP)-labeled replication-competent HIV construct that allows convenient tracking of viral expression by flow cytometry. This system has been utilized in several previous studies, the most recent of which showed that cellular activation by osteopontin caused increased expression of HIV in macrophages (43) . In the present study, we have shown that MGBG inhibits HIV expression and proviral integration into cellular DNA within macrophages and monocytes. Furthermore, we have extended our finding beyond the EGFP-tagged HIV strain, which is a laboratory strain, and demonstrated the effectiveness of MGBG against multiple primary viral isolates.
MATERIALS AND METHODS
MGBG uptake in cultured cells. Buffy coats from healthy donors were obtained from the Stanford Blood Center. White blood cells were prepared from buffy coats using red blood cell lysis solution (Miltenyi Biotec, Auburn, CA), and peripheral blood mononuclear cells (PBMCs) were isolated by Percoll or Ficoll-Paque Plus (GE Healthcare Life Sciences, Pittsburgh, PA) gradient centrifugation. Monocytes and T cells were isolated from PMBCs and granulocytes from white blood cells using CD14, CD3, and CD15 microbeads (Miltenyi Biotec, Auburn, CA), respectively. As confirmed by fluorescence-activated cell sorter (FACS) analysis, the purities of all the cell types were 90 to 95%. To generate macrophages, monocytes were cultured for 7 days to allow differentiation.
For drug uptake studies, the freshly isolated primary human blood cells or the in vitro differentiated macrophages were cultured at 1 million per ml in suspension in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and 1 mM sodium pyruvate for 24 h with or without drug treatment. For experiments with activated T cells, phytohemagglutinin (PHA) (Sigma-Aldrich, St. Louis, MO) was also added to the cultures at a final concentration of 5 g/ml. The cells were then harvested and counted manually following trypan blue staining. Cell lysates were prepared in M-PER mammalian protein extraction reagent (Fisher Scientific, Pittsburgh, PA) according to the manufacturer's instructions. Protein and MGBG concentrations in the lysate were measured, respectively, by the Bradford assay (Thermo Fisher Scientific, Waltham, MA) and liquid chromatography-mass spectrometry (LC-MS) at contract laboratories (Seventh Wave, Chesterfield, MO; MPI Research, Mattawan, MI). MGBG levels were normalized to the amount of the protein in each lysate. Calculations of intracellular MGBG concentrations were based on the average of experimentally determined MGBG contents of the cells and the published mean cell volumes of 419 fl for the monocytes (44, 45), 4,990 fl for the macrophages (46) , and 800 fl for the activated T cells (47) . However, given the inherent individual variations in the cell volumes, the reported intracellular MGBG concentrations should be considered estimates only.
Drug cytotoxicity was assessed using the CellTiter-Glo kit (Promega, Madison, WI). Briefly, the cells were isolated from normal human blood as described above and cultured at 45,000 cells/ml (9,000 cells per well) in triplicate in a 96-well plate in the presence of various concentrations of MGBG. After 24 h, the CellTiter-Glo reagent was added, resulting in cell lysis and generation of a luminescent signal proportional to the amount of ATP present in each well. The data were normalized to the average signals from the untreated cells. The absence of drug-associated cytotoxicity at 24 h was also confirmed by trypan blue exclusion.
Cell culture and HIV-1 infection. The HIV-1 reporter virus construct pSF162R3 Nef ϩ plasmid (48) was obtained from Amanda Brown from Johns Hopkins University, School of Medicine. This virus is replication competent and expresses EGFP in conjunction with HIV nef expression and has been used to track HIV expression in macrophage cultures (49) . The plasmid was transformed into Max Efficiency Stbl2 competent cells (Life Technologies, Grand Island, NY); large-scale plasmids were prepared using the PureYield plasmid MaxiPrep system (Promega, Madison, WI). The viral stocks were generated by transient transfection into 293T/17 cells (ATCC, Manassas, VA) using SuperFect transfection reagents (Qiagen, Valencia, CA) according to the manufacturer's protocol. PBMCs were isolated from buffy coats of healthy donors by Ficoll-Paque Plus gradient centrifugation. Monocytes were enriched by plating onto a tissue culture plate for at least 4 h before nonadherent cells were washed away. The adherent cells were cultured in 50% Myelocult (Stemcell Technologies, Vancouver, Canada), 25% Iscove's modified Dulbecco's medium (IMDM) (containing 10% FBS), 25% HS27 human fibroblast conditioned IMDM, and 1 ng/ml each of macrophage colony-stimulating factor (M-CSF) and interleukin-3 (IL-3) (Sigma-Aldrich, St. Louis, MO) for 6 to 7 days to allow differentiation into macrophages with or without drug treatment. Differentiated macrophages were infected with viral supernatant at 150 to 180 ng p24 per million cells (0.45 to 0.75 g per well, 6 to 8 M cells per well) for 6 h in the presence or absence of drugs. Subsequently, the viral inoculate was removed, and the cells were washed and cultured in the same medium for 7 days with or without drug treatment. Medium was exchanged every 3 to 4 days, and clarified culture supernatants were collected and stored at Ϫ80°C for subsequent p24 antigen quantitation. Cells were inspected for EGFP expression before harvesting using a fluorescence microscope.
For assays with primary HIV isolates, monocytes were isolated from PMBCs by adhesion to FBS-coated flasks for 2 days followed by repeated washing. Trypsin-EDTA-harvested monocytes were pooled from 6 healthy donors and infected with the specified viral isolates for 2 h at a multiplicity of infection (MOI) of 0.005 in suspension. Unabsorbed virus were washed out, and the cells were plated at 2 ϫ 10 4 cells (200 l) per well in a 96-well plate. After overnight culture, the medium was replaced and drugs were added to the cells at various concentrations in triplicate. After being cultured for another 7 days, the supernatant from each well was collected for p24 antigen quantitation. Three primary HIV isolates (Ba-L, 33931N, and 873) were used in the study. In parallel, the effect of the drugs on cell viability was determined using the CellTiter-Glo assay.
For the HIV receptor CD4 and coreceptor CCR5 expression study, monocytes were prepared by overnight adhesion on plastic, and the cells from 6 healthy donors were pooled. They were then cultured with or without MGBG treatment for 7 days in the same medium used for the EGFP-tagged HIV infection study before being harvested for FACS analysis.
Flow cytometry analysis. (i) Studies with EGFP-tagged HIV.
Differentiated macrophages were washed and harvested by scraping. Cells were stained using the LIVE/DEAD fixable red dead cell staining kit (Life technologies, Grand Island, NY) according to the manufacturer's manual, followed by fixation in 3% formaldehyde. The samples were analyzed on a FACScan instrument and the percentage of EGFP ϩ cells were determined after gating out the debris by FSC/SCC and the dead cells by the LIVE/ DEAD stain (see Fig. S1 in the supplemental material). Since macrophages display strong and highly variable autofluorescence in all 3 channels (FL1 to -3), instrument compensation was focused on the cell populations that were relatively dim (as an example, see the lower left population, donor 3, in Fig. S5 in the supplemental material) and thus might not be optimal for other cell populations.
(ii) CCR5 and CD4 study. Macrophages were double stained using fluorescein isothiocyanate (FITC)-CCR5/peridinin chlorophyll protein (PerCP)-CD14 or FITC-CD4/PerCP-CD14 antibodies or matching isotypes (Biolegend, San Diego, CA). Debris and the main subpopulations of the cells were gated using forward and side scatter (FSC and SSC, respectively) plots.
Quantitative real-time PCR analysis. Before DNA extraction, the cells were treated as follows to remove the contaminating plasmid DNA used for viral packaging. First, the uninfected cells were mock infected by incubation with the viral supernatant on ice for 2 h in order to estimate the baseline of residual plasmid DNA in the final preparation. After being washed twice with medium without supplements, the mock-infected cells as well as other samples were treated with an excess amount of DNase I (75 to 100 U in 1 ml Hanks' balanced salt solution) [HBSS] (for each digestion) at room temperature for 1 h. The cells were then washed again before total DNA isolation using the Puregene kit (Qiagen, Valencia, CA). The yield and purity of the DNA samples were assessed by spectrometry using a NanoDrop instrument (Thermo Scientific, Lafayette, CO).
The proviral DNA load was determined essentially as described previously (50) . Briefly, total DNA samples (1 to 2 g each) were separated by agarose gel electrophoresis. The ϳ20-kb band which represented the high-molecular-weight (HMW) genomic DNA was excised using a razor blade. Subsequently, the GeneJet gel extraction kit (Thermo Scientific, Lafayette, CO) was used to purify the DNA from the gel slices. Each sample was eluted in 20 to 30 l Tris-HCl buffer at pH 8.
For quantitative PCR (qPCR) assays, the primers and TaqMan probes were synthesized according to previously published sequences for the HIV gag region gene and ␤-globin gene, a single-copy conserved gene that serves as the control (51) . Each 20-l qPCR mixture contained 10 l of the PerfeCTa qPCR master mix (Quant BioSciences, Gaithersburg, MD), 10 ng of total DNA or 4 l of the HMW genomic DNA as the template, 0.05 M globin primers, 0.1 M Gag primers, and 0.025 M VIC-or 6-carboxyfluorescein (FAM)-labeled probes. Cycling was performed in an Agilent Mx3000P qPCR system (Agilent, Santa Clara, CA) using the following parameters: 95°C for 5 min followed by 40 cycles of 95°C for 15 s and 60°C for 45 s. The assay conditions were preoptimized to give 95 to 100% amplification efficiency and zero nonspecific amplifications in the absence of the template (data not shown). All of the reactions were set up in triplicate using white 0.2-ml qPCR tubes (BrandTech Scientific, Essex, CT). Standards from 3 to 30,000 copies for both HIV and the globin gene were created using genomic DNA from the 8E5 cell line, which harbors a single copy of integrated HIV per genome (52) .
For data analysis, the threshold cycle (C T ) numbers were determined using the instrument's built-in software. Standard curves were created by plotting the C T number versus the log of the initial copy number of the 8E5 genome in each dilution. The copy numbers of ␤-globin and HIV gag DNA for all of the test samples were interpolated from the respective linear regression curves using GraphPad Prism 5 (GraphPad Software, San Diego, CA). Typically the standard curves had an R 2 value of greater than 0.99, and the coefficient of variation of the C T values between the triplicates was Յ1%. The copy number of the ␤-globin gene was used to normalize the HIV DNA copy number in each sample. The effect of the drug treatment was expressed as a percentage of that in the untreated control sample. HIV p24 antigen quantitation. For studies with the EGFP-tagged HIV, HIV p24 antigen in the diluted culture supernatant was quantified using a p24 antigen enzyme-linked immunosorbent assay (ELISA) kit (Zeptometrix Corp., Buffalo, NY) according to the manufacturer's protocol. For assays with the primary HIV isolates, the PerkinElmer Alliance HIV-1 P24 antigen ELISA kit was used.
Statistical analysis. All experiments included at least three donors unless otherwise indicated. The linear trend in the relationship between the response (EGFP, p24, or proviral DNA, all expressed as percentage of the untreated response) and dose of MGBG was computed separately, and repeated-measures analyses were conducted using SAS v9.4 (SAS Institute Inc., Cary, NC). Linear trend was based on the Greenhouse-Geiser sphericity adjusted within-subject effect of the MGBG dose, which accounts for variability in variances of the differences between the doses, which are assumed to be constant.
RESULTS
Selective uptake of MGBG in cultured primary human blood cells. Historically, MGBG had been developed as a cytotoxic agent for treatment of cancer. In order to test the effects of MGBG on HIV in macrophage cultures, we first determined its in vitro cytotoxicity using the CellTiter-Glo assay, which measures the level of ATP in metabolically active cells. The results showed that MGBG had various levels of cytotoxic effect toward monocytes and macrophages, while resting T cells were completely insensitive to the drug (Fig. 1A) . Nevertheless, even monocytes, the most sensitive cell type, showed no significant cell death at MGBG concentrations of 1.4 M or less after a 24-h exposure. Interestingly, the fully differentiated macrophages were much less sensitive than freshly isolated monocytes, with no significant toxicity detected at close to 10 M MGBG. Based on these results, we performed all subsequent studies at these noncytotoxic doses.
Initially, a time course experiment was performed to determine the kinetics of MGBG uptake in freshly isolated human monocytes. The cells were exposed to 1.4 M MGBG for various lengths of time before being harvested for protein and MGBG quantification. As shown in Fig. 1B , MGBG was rapidly taken up by the monocytes and was clearly detectable within 3 to 4 h. The drug level reached an apparent steady state by 24 h, with no further increase upon longer incubation (Fig. 1B) . Next, we explored the potential mechanism of MGBG uptake in these cells. Natural polyamines such as spermidine and spermine are normally taken up via the cell membrane-associated polyamine transporter in an ATP-dependent manner. MGBG is known to compete with spermidine for uptake in established cell lines (53) . To confirm that such a mechanism also operates in monocytes/macrophages, the effect of exogenously added spermine on MGBG uptake was examined. As expected, spermine blocked MGBG uptake in the cultured monocytes in a dose-dependent manner (Fig. 1C) , consistent with the involvement of the polyamine transporter in MGBG uptake.
To determine if MGBG uptake was cell type specific, we quantified its level in primary monocytes, macrophages, resting T cells, PHA-activated T cells, and granulocytes. The results are shown in Fig. 2 . After exposure to 1.4 M MGBG for 24 h, monocytes and macrophages took up a very high level of the compound, with estimated intracellular concentrations reaching 0.94 mM in monocytes and 0.45 mM in macrophages. These concentrations translate into enrichment factors of ϳ670-and 320-fold in monocytes and macrophages, respectively. Note that the level of intracellular MGBG in these cells is similar when normalized to the amount of cellular proteins in the lysates, but the concentration is roughly 2 times higher in the monocytes than that in the macrophages, probably due to the larger size of the latter cell type. This may help to explain the differential sensitivities of these cell populations to the drug (Fig. 1A) . In sharp contrast to monocytes and macrophages, resting T cells and granulocytes had no detectable intracellular MGBG, whereas there was a low level of uptake in PHA-activated T cells, which is consistent with previous reports (54, 55) . Overall, monocytes/macrophages appear to be the major blood cell population targeted by MGBG and can apparently concentrate the drug by several hundred-fold without significant cytotoxicity under the conditions tested.
Since MGBG is taken up via the polyamine transport system, which is energy and temperature dependent, we also tested MGBG uptake in monocytes at 4°C versus 37°C. The results confirmed that MGBG uptake in monocytes is temperature dependent (Fig.  1D) . The MGBG concentration was below the detection level in monocytes after a 24-h incubation with the drug at 4°C.
MGBG inhibits HIV-1 expression in cultured macrophages. Using the EGFP-tagged macrophage-tropic HIV construct developed by Cheng-Meyer (48), we tested the effect of MGBG on macrophage infection by HIV. When examined under a fluorescence microscope, we observed a significant reduction in the proportion of EGFP-HIV ϩ macrophages following treatment with 0.14 M MGBG (Fig. 3, bottom rows) . The phase-contrast images of the same cells confirmed that MGBG treatment in this setting showed no obvious cytotoxicity (Fig. 3, top rows) . These results were consistently seen in different donors (i.e., inhibition of HIV expression was observed in all cases).
This phenomenon was further investigated using two different treatment modalities. In the "complete treatment" mode, MGBG was present throughout the experimental regimen: 6-to 7-day monocyte-to-macrophage differentiation, 6-h infection with the viral supernatant, and 7-day-postinfection culturing. In the "cotreatment" mode, MGBG was added to the fully differentiated macrophages only during the 6-h infection period. Figure 4 shows the summary of anti-HIV studies performed on cells from multiple donors. In both treatment modalities, a statistically significant linear trend in the association between MGBG dose and effect on EGFP was observed for both complete (P ϭ 0.007) and cotreatment (P ϭ 0.009) modes, as were the associations for p24 (P ϭ 0.0002 and P ϭ 0.0009 for complete treatment and cotreatment, respectively). However, after adjustment for deviations from sphericity (based on Greenhouse-Geiser corrections), the association for EGFP was attenuated (P ϭ 0.10 and P ϭ 0.11 for complete treatment and cotreatment, respectively), and a linear effect was observed for p24 only (P ϭ 0.008 and P ϭ 0.02 for complete treatment and cotreatment, respectively). In these experiments, elvitegravir (EVG), an approved HIV drug which is a potent inhibitor of the viral integrase with a 50% inhibitory concentration (IC 50 ) of 1 nM or less in cultured T cells, was used as a positive control. In the complete treatment mode, 0.14 M MGBG caused ϳ90% inhibition of HIV expression, as measured by both FACS analysis of EGFP expression and ELISA quantification of supernatant HIV p24 antigen 1 week post-initial infection ( Fig. 4A; see Fig. S2 in the supplemental material). In comparison, EVG at a concentration that exceeds 20 times the IC 50 in cell culture (56) caused an 80% reduction in HIV-expressing macrophages.
In the complete treatment mode, MGBG could affect multiple biological processes, including monocyte differentiation as well as HIV infection or expression in macrophages. To test whether pretreatment with MGBG was required for the observed inhibition of HIV in macrophages, cotreatment mode studies were conducted. Fully differentiated macrophages were exposed to MGBG and EGFP-HIV supernatant simultaneously for only 6 h. Considering the short exposure time to the drug, higher concentrations of MGBG were employed in these experiments. Importantly, these concentrations showed no cytotoxicity toward macrophages (Fig.  1A) (data not shown) and are potentially achievable in vivo based on pharmacokinetic (PK) studies (Jeremy Blitzer, Philip Needleman, and John McKearn, unpublished data). As shown in Fig. 4B (see Fig. S3 in the supplemental material), MGBG caused sustained inhibition of HIV expression in macrophages in a dosedependent manner. The results from flow cytometry, which measured EGFP HIV-expressing cells, matched the concurrently measured HIV p24 production in the culture supernatants. These data were qualitatively similar to those observed in the complete treatment mode, although the cotreatment mode was less effective (0.7 M versus 0.07 M for ϳ50% inhibition). In contrast to MGBG, EVG showed no significant effect on HIV expression in macrophages when present only during the 6-h infection period.
The decrease in p24 level could be due to the presence of fewer infected cells in the entire culture (Fig. 3 to 4) and/or reduced HIV gene expression in each of the infected cells. The latter possibility would be expected to result in a decrease in the mean fluorescence intensity of the EGFP ϩ cells. In both treatment modes, the mean fluorescence intensities were similar regardless of MGBG treatment (data not shown), which is consistent with the notion that exposure to MGBG resulted in fewer HIV-expressing cells while having little effect on the expression level on a per cell basis.
To further confirm that MGBG inhibits HIV in macrophages, we tested the effect of MGBG on multiple primary HIV isolates using a standard antiviral assay (57) . Partially differentiated macrophages were infected with the HIV isolates Ba-L, 33931N, and 873 for 2 h at a low MOI (0.005). Subsequently the cells were cultured for 7 days with or without drug treatment, and culture supernatant was collected for p24 measurement. EVG was included as the positive control. As shown in Fig. 5 , MGBG was active against all three CCR5-trophic HIV isolates tested, with IC 50 s of 0.08 to 0.15 M. To rule out that the effects on HIV were due to cell killing, cytotoxicity was measured in parallel. As summarized in Table 1 , the IC 50 of MGBG against HIV was significantly (8 to 15 times) below the 50% cytotoxic concentration (CC 50 ), indicating that the activity against HIV was distinct from cytotoxicity.
MGBG treatment inhibits integration of HIV DNA into cultured macrophages. To understand how MGBG affects the replication cycle of HIV within the cells, we measured the intracellular HIV-1 DNA, both total and integrated forms, by real-time quantitative PCR. The results showed that surprisingly MGBG treatment did not decrease the levels of total HIV DNA in either mode. In fact, the level of total HIV DNA might even be increased in the MGBG-treated cells in the complete treatment mode (Fig. 6A , left set of bars). These results imply that MGBG blocks neither viral penetration into cells nor subsequent reverse transcription and replication of the viral genome. The drug did, however, signifi-
FIG 4 Dose-dependent inhibition of HIV expression in human macrophages
following MGBG treatment. In vitro differentiated human macrophages were infected with EGFP-tagged HIV for 6 h and cultured for another week. MGBG was either present continuously (the "complete treatment" mode) or only during the 6-h acute infection period (the "cotreatment" mode). EGFP expression in the cells was determined by FACS, and the p24 antigen in the culture supernatant was quantified by ELISA. Due to individual variations, the data were normalized against an HIV-infected, nontreated sample in each experiment. The graphs show the means and SEMs of the normalized results from multiple donors. Noninfected cells were included as a negative control for assay specificity. A 20 nM concentration of elvitegravir (EVG) was included in these experiments as a positive control. The results for the complete treatment mode were from 5 donors, and those for the cotreatment mode were from 3 donors. The average percentage of HIV-infected, untreated EGFP cells was around 5%, and the average HIV p24 concentration of HIV-infected, untreated cells was about 10 ng/ml. A statistically significant linear trend in the association between MGBG dose and effect on p24 was observed for both complete (P ϭ 0.008) and cotreatment (P ϭ 0.02) modes. However, the association for EGFP was attenuated after Greenhouse-Geiser correction for sphericity. Detailed FACS data for EGFP expression are shown in Fig. S2 and S3 in the supplemental material.
cantly reduce the integrated proviral form of HIV in the cells. As shown in Fig. 6A , middle set of bars, a dose-dependent reduction of proviral DNA was observed in MGBG-treated cells in the complete treatment mode, with nearly 70% inhibition at 0.14 M MGBG, which translated to nearly 85% when taking into consideration the total HIV DNA level. At higher MGBG doses than those shown, cellular toxicity in this culture system precluded the interpretation of studies attempting to completely block HIV integration. In the cotreatment mode, a 6-h exposure to MGBG also led to a dose-dependent reduction of proviral DNA load, with ϳ50% inhibition at 0.7 M, and the effect on HIV was not accompanied by any detectable cytotoxicity even at 4.2 M (Fig. 6B , middle set of bars) (data not shown). In this experimental setting, MGBG also did not decrease the level of total HIV DNA in the cells (Fig. 6B, left set of bars) . In contrast to MGBG, the potent HIV integrase inhibitor EVG showed no reduction of the proviral DNA load in the same time frame (6 h). A statistically significant linear trend (P ϭ 0.045) in the association between MGBG dose and integrated HIV DNA was observed for the complete mode. (For the cotreatment mode, the sphericity-adjusted P value is 0.073.) In all experiments, a good correlation between proviral load, EGFP expression, and p24 level was observed in MGBG-treated cells ( Fig. 4 and 6 ; see Fig. S2 to S5 in the supplemental material), suggesting that the primary effect of the compound on HIV is the inhibition of a step or process that results in viral DNA integration.
HIV integration is inhibited by MGBG in both monocytes and macrophages. HIV can infect both monocytes and macrophages, although in most experimental systems macrophages are a better target for productive infection (58) . To test whether MGBG also interferes with HIV infection of monocytes, experiments using both freshly isolated monocytes and in vitro differentiated macrophages from the same donors were performed. Figure 7 shows the data from 2 donors with both monocyte and macrophage infection, wherein MGBG inhibited HIV integration in both cell types in a dose-dependent manner. In these experiments, MGBG appears to be more potent in monocytes compared to macrophages, which could be due to the higher MGBG intracellular concentrations in monocytes. The average proviral DNA load in untreated monocytes is lower than that in the macrophages (37 versus 121 copies per 1,000 cells, respectively), consistent with other observations that monocytes are not very infectible by HIV, perhaps due to the restriction by SAM domain-and HD domain-containing protein 1 (SAMHD1) (59, 60) .
Effects of MGBG on HIV receptor CD4 and coreceptor CCR5 expression in macrophages. The HIV-1 reporter virus used in this study is a macrophage-trophic strain that uses CCR5 as the coreceptor in combination with the CD4 receptor. In the complete treatment mode, the monocytes were differentiated in the presence of MGBG and the drug was more efficacious. A potential explanation for this is that MGBG might affect the expression of CD4 and/or CCR5. We directly examined CD4 and CCR5 expression in macrophages following MGBG treatment. In this experiment, monocytes were differentiated for 7 days in the absence or presence of various doses of MGBG. The resulting macrophages were analyzed for surface expression of CD4, CCR5, and CD14 by flow cytometry. Like typical macrophages, the cells were very heterogeneous in both size and granularity; and two distinct cell populations were evident in the SSC and FSC plots (Fig. 8A) . The levels of CD14 expression also appeared to be slightly different among the two subsets of cells. In the CD14 Ϫ macrophages, MGBG had no significant effects on the expression of CD4 or CCR5. In the CD14 Dim macrophages, MGBG treatment appeared to increase the level of CD4 expression at the higher doses tested, but the level of CCR5 expression was decreased slightly (Fig. 8B) .
DISCUSSION
Macrophages are one of the HIV reservoirs in vivo, and accumulating evidence suggests that they are involved in the pathogenesis of HIV-1-associated diseases (61) (62) (63) . Targeting these cells may be a valuable strategy for treating macrophage-driven neurological and cardiovascular diseases that now affect more than 50% of HIV-infected individuals in the United States. Ba-L, 33931N, or 873 for 2 h, followed by drug treatment for 7 days. Culture supernatant was collected for p24 measurement. EVG was used as a positive control. Drug cytotoxicity was assessed in parallel. The results were normalized against an HIV-infected, nontreated sample in each experiment. IC 50 s were obtained using the Prism software. The HIV p24 concentrations for the infected, untreated controls were between 2.4 and 4 ng/ml. a The activity of MGBG on primary HIV isolates was determined using a standard antiviral assay as described in the text. Cytotoxicity (CC 50 ) was determined in parallel.
The results were analyzed with the Prism software to obtain the IC 50 values.
In the present study, we demonstrate that primary monocytes and macrophages take up MGBG in vitro, apparently via the polyamine transporter system. The uptake appears to be cell type specific as several other types of circulating blood cells take up either no drug or drug at a level 10 to 20 times lower than that found in monocytes and macrophages. Besides granulocytes and T cells, MGBG uptake was also tested in isolated B cells. However, due to the low abundance of this cell population in the peripheral blood, cell sorting with the CD20 microbeads was not very effective, resulting in only 30 to 50% purity. A low level of MGBG was observed in these cells (data not shown), which could be from contaminating monocytes. The capacity to rapidly and selectively concentrate in macrophages and monocytes appears to be a unique characteristic of the compound. The magnitude of MGBG accumulation in these cells is likely to be different in vitro versus in vivo. In culture, the intracellular concentrations of MGBG can reach a micromolar concentration of tens to hundreds, depending on the cell type. In vivo, the compound is expected to accumulate to a lesser extent due to the presence of low-level natural polyamines in the blood (64, 65) , which can compete with MGBG for cellular uptake. This property, together with the cell type selective uptake, may contribute to the excellent tolerability and safety of the drug when given orally to animals in preclinical testing (Blitzer et al., unpublished).
FIG 6
Inhibition of HIV DNA integration in MGBG-treated cells. Human macrophages were infected with EGFP-tagged HIV and treated with MGBG in either the "complete treatment" mode or "cotreatment" mode as indicated. At the end of the experiments, a fraction of the cells were used for FACS analysis of EGFP expression, while the rest were used for DNA extraction. Real-time PCR was used to quantify HIV DNA in the total or high-molecular-weight DNA. The copy numbers of ␤-globin in the samples were simultaneously determined to calculate the load or relative burden of the HIV DNA. Noninfected cells were included as a control for the specificity of the assays. The data for the complete treatment and cotreatment modes were from 7 and 3 donors, respectively. Due to individual variations, all data were normalized against an HIV-infected, nontreated sample in each experiment. The graphs show the means and SEMs of the normalized results from multiple donors. The P values for a linear trend in the association between MGBG dose and effect on proviral DNA were 0.045 and 0.073 for the complete and cotreatment modes, respectively. Detailed FACS data for EGFP expression are shown in Fig. S4 and S5 in the supplemental material.
All experiments reported in this article were performed using noncytotoxic doses of MGBG, and we focused on acute HIV infection rather than addressing macrophages that might be chronically infected with HIV. Most of our studies were performed using the EGFP-tagged HIV strain (48) , which allows easy tracking of viral expression by flow cytometry and microscopy. Initially, we tested MGBG in a "complete treatment" mode, wherein the drug was present throughout the experiment. Since MGBG is readily detectable in macrophages after just a few hours of exposure, subsequent studies utilized a "cotreatment" mode wherein MGBG was present only during the 6-h incubation with the virus. Although the complete treatment modality is more efficacious, MGBG in the cotreatment mode also shows significant activity. Despite its highly reproducible activities, MGBG treatment did not completely abolish the expression of the EGFP-tagged HIV in the macrophage culture system. One possible explanation is that a subset of the cells in blood-derived macrophage cultures may express a lower level of the polyamine transporter, which led to a lower level of MGBG accumulation. Another possibility is that the extent of viral spreading might be limited because we infected the cells with a relatively large quantity of the viral supernatant (the equivalent of ϳ1 MOI), which resulted in the infection of most if not all of the infectible cells at once. Other possibilities also exist. Of interest, such incomplete inhibition of HIV in macrophage cultures has also been reported for several approved integrase inhibitors (24, 66) . In these studies, T cells were completely protected from HIV, whereas residual infection persisted in macrophage cultures despite the high drug concentrations employed.
To confirm that activity of MGBG is not strain specific, we have tested the effect of MGBG on multiple primary HIV isolates using a standard antiviral assay. Unlike the studies with the EGFPtagged virus performed at high virus input, these experiments used a low MOI in order to capture anti-HIV data that reflected the blockade of viral spreading throughout the macrophage cultures. The new data show an almost complete protection of the cultures in a dose-dependent manner. MGBG was active against all three CCR5-trophic HIV isolates tested, with IC 50 values of 0.08 to 0.15 M (Fig. 5) . Importantly, the activity against HIV was clearly separable from drug-associated cytotoxicity measured in parallel.
To test where in the retroviral life cycle MGBG exerts its inhibitory activity, we evaluated the intracellular fate of HIV DNA within infected macrophages by qPCR. Because of the low level of HIV infection in monocytes/macrophages (Ͻ1 copy/genome in most experiments [data not shown]), the Alu-PCR assay typically used for quantifying HIV integration was not expected to have sufficient sensitivity in our system. We therefore employed another published method, which separates proviruses integrated into high-molecular-weight genomic DNA from free, unintegrated HIV DNA based on their differential mobilities in lowconcentration agarose gel. MGBG treatment does not decrease the level of total intracellular HIV DNA; however, integrated proviral DNA is significantly reduced in a dose-dependent manner. Therefore, MGBG does not appear to interfere with early viral infection events, such as attachment, viral penetration, or reverse transcription of HIV RNA. The primary effect of the drug treatment seems to be the reduction of integrated viral DNA, although the precise molecular mechanism is currently unknown.
To further confirm that MGBG acts intracellularly post-virion attachment, we compared its effect on HIV infection in macrophages at 37°C versus 4°C in the cotreatment mode. Incubation of macrophages with the viral supernatant and MGBG for 6 h at 37°C inhibited HIV expression as expected. However, the inhibitory activity is abrogated by parallel infection/treatment performed at 4°C ( Fig. 9 ; see Fig. S6 in the supplemental material). At 4°C, HIV virions can still attach to the cells (67), but MGBG does not enter the cells since the uptake of MGBG via the polyamine transporter is energy dependent and thus temperature sensitive (Fig. 1D) . When the culture was subsequently brought back to 37°C, the attached virus could enter the cells and continue with the rest of the replication cycle (67) . These results suggest that the inhibition of HIV is mediated by intracellular MGBG, and the extracellular MGBG in the media as a polycation had no apparent effect on viral attachment.
In the macrophage culture system, the complete treatment mode is significantly more effective than the cotreatment mode. The difference in drug potencies between the two modes is likely due to the difference in drug uptake levels. It takes ϳ24 h for MGBG to accumulate to a steady-state level in the cells (Fig. 1B) . The drug uptake level in the complete treatment mode should be much higher than that in the cotreatment mode. Another interesting observation we made in the course of these studies is that the activity of MGBG is relatively fast acting, with significant efficacy after just a 6-h exposure. By comparison, the potent HIV integrase inhibitor EVG showed little efficacy under the same conditions. The antiviral activity of EVG in T cells has been documented (56) , but the kinetics of EVG uptake in macrophages has not been reported. It is possible that EVG has slower uptake kinetics in macrophages than MGBG. Cobicistat, a potent inhibitor of cytochrome P450 3A enzymes and intestinal transport proteins, has been used together with EVG to enhance overall drug absorption in the clinical settings (68, 69) .
How MGBG exerts its effects on HIV integration remains to be determined. The activity of MGBG as an inhibitor of SAMDC has been extensively described in the early studies of the compound, primarily in the context of its potential use as an anticancer agent (53, 70) . Multiple studies have confirmed that MGBG is indeed a potent inhibitor of SAMDC (32, 33; Blitzer et al., unpublished). Intracellular polyamine depletion, which can result from SAMDC inhibition by MGBG, is also known to interfere with normal chromatin structure (71) . A more direct role for MGBG at the level of the chromosome is also a possibility. It has been shown that MGBG can directly interact with DNA (72) . Therefore, MGBG interaction with DNA or chromosome, either directly or indirectly, may result in inhibition of HIV integration. Yet another possibility is that MGBG may directly inhibit the HIV integrase in a manner similar to those of other DNA modulators, such as topoisomerase inhibitors, which have activity in HIV integrase assays (73) . Although polyamines have been reported to be involved in HIV reverse transcription (74) , this step of the viral life cycle is unlikely the target for MGBG in macrophages because we did not detect any decrease in the level of total HIV DNA following MGBG treatment. Alternatively, MGBG could block integrase activity indirectly through its interaction with host proteins. Host cellular proteins such as LEDGF/p75 and TRN-SR2 have been shown to act as cofactors for lentiviral integrase (75) . The possibility that MGBG treatment might lead to conformational changes in the viral DNA, which renders it incompetent for integration, cannot be precluded either. Obviously, more work will be needed to address the mechanism.
Macrophage infection by CCR5-trophic HIV isolates potentially could be modulated through CD4 and CCR5 (76) . We thus examined the effect of MGBG on CCR5 and CD4 expression in a time frame that mimicked the first stage of the complete treatment mode. As shown in Fig. 8 , exposure to MGBG during monocyte differentiation caused an observable increase in CD4 and a slight decrease in CCR5 expression in CD14 Dim cells and had no apparent effect in CD14 Ϫ cells. It has been reported that CD4 level is a limiting factor for HIV infection of macrophages, while changes in CCR5 level have little effect (77) . Thus, the inhibitory effect of MGBG on HIV infection is unlikely through CD4 and CCR5 modulation. An increased total HIV DNA level was seen in the complete treatment mode. The observed increase in CD4 level may contribute to the increased total HIV DNA load. Consistent with this hypothesis, in the cotreatment mode, MGBG showed no significant effect on total HIV DNA level. Alternatively, MGBG-mediated blockage of HIV proviral DNA integration may drive the accumulation of unintegrated DNA. Another possible explanation is that the high level of MOI in this culture system could result in macrophage superinfection by HIV, a process known to occur in vivo (23) . The observation that MGBG neither downmodulates the CD4 nor decreases the levels of unintegrated DNA is consistent with the interpretation that the drug does not negatively affect viral adhesion or the subsequent reverse transcription process.
Anti-HIV activities have also been reported with other inhibitors of polyamine biosynthesis. For example, several SAMDC inhibitors, including 5=-5=-deoxyadenosine and 1-aminoxyethylamine, can block HIV replication in vitro (78) . SAM486A, a very potent SAMDC inhibitor, apparently suppresses HIV replication by inhibiting HIV Rev function via interference with the hypusination of eukaryotic initiation factor 5A (eIF5A), the Rev cofactor. As a result, expression from the HIV-1 promoter at the level of transcription initiation was blocked (79) . As a SAMDC inhibitor, MGBG could theoretically affect eIF5A maturation in a similar fashion. However, the overall data presented-especially the observation that MGBG treatment has no inhibitory effect on total HIV DNA-suggest a novel anti-HIV activity for MGBG that is not related to eIF5A, although the exact mechanism remains to be defined.
The activity of MGBG against HIV may have several therapeutic implications. Macrophages are one of the earliest infected cell types (12) (13) (14) (15) , with the resultant HIV strains uniformly falling into the CCR5 coreceptor-utilizing "macrophage-tropic" genotype. Unlike T cells, which are prone to the cytopathic effect of HIV, macrophages-especially those in the CNS-are long lived and can be superinfected by HIV in vivo (23) . Infected macrophages may in turn efficiently infect T cells and upon HAART discontinuation can serve as a source of recurrent viral spread. Currently, there is no effective agent that completely addresses the macrophage HIV reservoir in the CNS. Virtually all drugs currently approved for treatment of HIV infection are markedly less effective in macrophages than in T cells (24) . More importantly, to be active in the CNS, HIV drugs must cross the blood-brain barrier, a property shown by few of the existing drugs (24, 80) . In contrast, MGBG is selectively taken up by macrophages, readily crosses the blood-brain barrier, and appears efficacious in vivo, as shown in recent studies in a simian immunodeficiency virus en- cephalopathy (SIVE) model. In these studies with SIV infection in CD8-depleted macaques, all animals in the vehicle control arm developed AIDS, most with SIVE and myocarditis, whereas almost none of the MGBG treated animals developed AIDS, and none had SIVE or myocarditis (81, 82 ; Ken Williams, unpublished data). The SIVE study suggests that even though low concentrations of natural polyamines are present in the blood (64, 65) , sufficient amounts of MGBG are getting into macrophages in vivo and most importantly into the CNS to mediate significant macrophage-targeted effects. In addition to the activity against HIV described here, MGBG has been shown to inhibit macrophage activation mediated by type I macrophage activators, such as tumor necrosis factor alpha (TNF-␣), gamma interferon, and lipopolysaccharide (LPS) (41, 42) . Considering the importance of inflammation in the pathogenesis of HAND and atherosclerosis driven in a large part by HIV-infected macrophages, the use of MGBG provides an approach against both HIV infection and the associated pathogenic inflammation. Finally, this property, together with its selective uptake by monocytes and macrophages, suggests that MGBG may be effective against other monocyte/ macrophage-driven diseases, such as liver fibrosis (83) .
In summary, this study demonstrates that MGBG exhibits selective uptake and is rapidly concentrated in primary human monocytes and macrophages. At nontoxic doses, it inhibits multiple HIV-1 strains in macrophages, most likely through reduced HIV DNA integration. This activity, together with its effects on macrophage activation, suggests that MGBG may be a valuable addition to the treatment of HIV-associated diseases, where chronic macrophage-associated immune activation plays a major role.
